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Inhaled anesthetic agents

he use of inhaled anesthetics be-
gan in the mid-1800s, when it
was discovered that the inhala-
tion of diethyl ether relieved pain.'”
Despite the adverse effects associated
with ether (e.g., unpleasant taste,
prolonged recovery time, nausea,
vomiting), the agent remained the
preferred anesthetic for nearly 100
years. Advances in fluorine chemis-
try after World War II allowed for
the development of halogenated
compounds, which are more stable
and potent and less toxic than diethyl
ether. In 1956, halothane, a fluori-
nated alkane, was introduced and
quickly replaced ether as the anes-
thetic of choice. Other agents, halo-
genated compounds with ether link-
ages, followed: enflurane in 1972,
isoflurane in 1981, desflurane in
1992, and sevoflurane in 1995.
Currently, desflurane, isoflurane,
and sevoflurane constitute the pri-
mary inhaled anesthetic gases used
either alone or in combination with
nitrous oxide, with or without con-
current administration of other
drugs such as midazolam, propofol,
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Purpose. The pharmacology, bioavailabili-
ty and pharmacokinetics, indications, clini-
cal efficacy, adverse effects and toxicities,
and dosage and administration of the in-
haled anesthetics are reviewed.

Summary. The inhaled anesthetics include
desflurane, enflurane, halothane, isoflur-
ane, and sevoflurane and are thought to
enhance inhibitory postsynaptic channel
activity and inhibit excitatory synaptic ac-
tivity. The mechanism of action of inhaled
anesthetics has not been completely de-
fined. A number of factors can influence the
pharmacokinetics of inhaled anesthetics,
including solubility in blood, cardiac out-
put, tissue equilibration, extent of tissue
perfusion, metabolism, and age. All of the
available inhaled anesthetics are effective
for inducing or maintaining anesthesia or
both. Most clinical trials of inhaled anes-
thetics have evaluated differences in induc-
tion and emergence from anesthesia by
comparing (1) times to loss of reflex, extu-
bation, and response to verbal commands;
orientation to time and place; and ability to
sit up without assistance, (2) need for post-
surgical analgesia, and (3) time to discharge
as measures of efficacy. Adverse effects and
toxicities of the inhaled anesthetics include
nephrotoxicity, hepatotoxicity, cardiac ar-
rhythmias, neurotoxicity, postoperative

nausea and vomiting, respiratory depres-
sion and irritation, malignant hyperther-
mia, and postanesthesia agitation. Safety
issues surrounding these gases include oc-
cupational exposure and intraoperative
fires within the delivery systems used with
inhaled anesthetics. Drugs used for anes-
thesia during surgery can account for 5-
13% of a hospital’s drug budget.
Conclusion. The inhaled anesthetics have
been shown to be both safe and effective in
inducing and maintaining anesthesia.
These agents differ in potency, adverse-
effect profile, and cost. Newer anesthetic
gases, such as sevoflurane and desflurane,
appear to have more favorable physico-
chemical properties. These factors, as well
as patient characteristics and duration and
type of procedure, must be considered
when selecting an inhaled anesthetic.
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The Formulary Review section contains
monographs provided to AJHP by the Clini-
cal Knowledge Service, Drug Monograph
Group, of the University HealthSystem Con-
sortium (UHC), Oak Brook, IL. The mono-
graphs are written by drug information spe-
cialists and pharmacotherapists from UHC
member institutions and VHA institutions,
undergo peer review by UHC and VHA phar-
macists and physicians, and appear here some
months after initial distribution. They have
been edited by AJHP and contain new ab-
stracts. For more information, see the initial
installment in the December 1, 1997, issue or
call Karl A. Matuszewski, M.S., Pharm.D.,
or Mary Ellen Bonk, Pharm.D., at UHC
(630-954-1700).

thiopental, fentanyl, and various
muscle relaxants. This review focuses
on the efficacy and use of desflurane,
enflurane, halothane, isoflurane, and
sevoflurane.

Pharmacology

The mechanism of action of in-
haled anesthetics has not been
completely defined. Early research
suggested a relationship between
potency and lipophilicity (defined
as solubility in olive oil), with the
anesthetic effect resulting from a
nonspecific effect on hydrophobic

Table 1.

Inhaled anesthetic

cellular components.*®> However,
subsequent research focused on the
molecular targets of anesthetics,
specifically ion-channel activity. Cer-
tain ion channels have been shown to
be sensitive to inhaled anesthetics
when administered at clinically effec-
tive concentrations.* These ion chan-
nels include neurotransmitter recep-
tors (e.g., y-aminobutyric acid type
A, glycine, nicotinic acetylcholine,
serotonin, and glutamate receptors)
and voltage- and non-voltage-
activated calcium, sodium, and po-
tassium channels. Inhaled anesthet-
ics are thought to enhance inhibitory
postsynaptic channel activity and in-
hibit excitatory synaptic activity.*’
The proposed actions of the anesthetic
gases on ion channels are summa-
rized in Table 1. However, additional
mechanisms may be responsible for
the actions of some inhaled anesthet-
ics, since nitrous oxide, an effective
nonhalogenated anesthetic, appears
to have little to no effect on most ion
channels.

One aspect of the pharmacology
of inhaled anesthetics is their poten-
cy, which is based on the alveolar
concentrations that result in clinical
effects.* Potency, as well as dosage,
is expressed as the minimum alveolar
concentration (MAC) and is defined

Effects of Anesthetic Gases on lon Channels*>

as the alveolar concentration of an
anesthetic needed to prevent a re-
sponse (e.g., movement) to a surgical
incision or similar stimulus in 50%
of patients at 1 atmosphere of pres-
sure, which can be considered the
50% effective dose of the anesthetic
(ED,).

The MAC of an anesthetic agent
influences uptake.>** In general, if all
other characteristics of an agent are
equal, the higher the MAC, the high-
er the uptake of the anesthetic gas
and the less potent the agent. A num-
ber of factors can influence the MAC,
including age (MAC is reduced as age
increases), hematocrit levels, preg-
nancy, medications, electrolyte sta-
tus, and presence of hyperthermia or
hypothermia.” The MAC values of
the various inhaled anesthetic gases
are listed in Table 2.

Bioavailability and
pharmacokinetics

A number of factors can influence
the pharmacokinetics of inhaled an-
esthetics.® The solubility of the agent
in blood, represented by the
blood:gas partition coefficient, is an
important determinant of uptake.
The blood:gas partition coefficient is
the ratio of the concentrations of an-
esthetic gas in the blood and gas

Behaviorial or Physiological

Processes Affected

Effect on lon-
Channel Activity®

Increased activity results in anxiolysis, sedation,

lon Channel
Ligand-gated ion channels—inhibitory postsynaptic
receptors
GABA,° receptors

Glycine receptors

Enhancement

amnesia, myorelaxation, and anticonvulsant

activity

Inhibitory receptor for spinal reflexes and

startle responses

Ligand-gated ion channels—excitatory synaptic

receptors
Neuronal nicotinic acetylcholine receptors
Serotonin type 3 receptors
Glutamate receptors

Other ion channels
Voltage-activated potassium channels
Voltage-activated sodium channels
Voltage-activated calcium channels

Enhancement

Memory, nociception, autonomic functions
Arousal, emesis
Perception, memory, learning, nociception

Nerve conduction, cardiac action potentials

Nerve conduction, cardiac action potentials

Cardiac inotropy and chronotropy, vascular
tone

Inhibition
Inhibition (weak)
Inhibition

Inhibition or no effect
Inhibition (weak)
Inhibition (weak)

@Describes actions of halogenated alkanes and ethers.

PGABA, =y-aminobutyric acid type A.

624 Am J Health-Syst Pharm—Vol 63 Apr 1, 2006



phases at equilibrium (Table 2). In
general, the blood:gas partition coef-
ficient represents the capacity of the
blood or a specific tissue to absorb
the anesthetic.'" A higher blood:gas
partition coefficient (e.g., 2.0 equals a
2% blood concentration and a 1%
lung concentration at equilibrium)
shows greater affinity for the blood.
The lower the partition coefficient,
the lower the affinity of the blood or
tissue for the anesthetic.> An anes-
thetic that has a blood concentration
of 3% and a lung concentration of 6%
at equilibrium would have a partition
coefficient of 0.5, showing a greater af-
finity for the gas phase. In other words,
agents with a lower blood:gas coeffi-
cient are more rapidly absorbed and
excreted, producing a faster onset and
shorter duration of action.

After loading of the agent, equilib-
rium occurs and uptake is reduced,
decreasing the amount of anesthetic
that needs to be administered.

Other factors that influence the
uptake of inhaled anesthetics include
cardiac output, tissue equilibration,
extent of tissue perfusion (e.g., mus-
cle versus fat tissues), metabolism,
and age.! Desflurane, isoflurane, and
nitrous oxide undergo minimal me-
tabolism. The metabolism of enflu-
rane and sevoflurane is considered

FORMULARY REVIEW

intermediate, and halothane is exten-
sively metabolized. The route of
elimination for anesthetic gases is via
the lungs.

Indications

The labeled indications for the in-
haled anesthetics are listed in Table 3.

Clinical efficacy

General anesthesia can be divided
into three stages: induction, mainte-
nance, and emergence. All of the
available inhaled anesthetics are ef-
fective for inducing or maintaining
anesthesia or both. Inhaled anesthet-
ics are often used for induction in
patients who fear placement of an in-
travenous access line.! For mainte-
nance, it is generally accepted that a
MAC of about 1.3 is needed to pre-
vent movement in 95% of patients.!
Emergence, or awakening from anes-
thesia, occurs when the MAC drops
to 0.3 or 0.4.

Most clinical trials of inhaled an-
esthetics have evaluated differences
in induction and emergence from
anesthesia by comparing (1) times to
loss of reflex, extubation, and re-
sponse to verbal commands; orienta-
tion to time and place; and ability to
sit up without assistance, (2) need for
postsurgical analgesia, and (3) time

Inhaled anesthetic

to discharge as measures of efficacy.
Recent trials and their results are
summarized in Table 4. Both ambu-
latory care and inpatient adult and
pediatric populations are included in
the trials.

Adverse effects and toxicities

Renal effects. Nephrotoxicity
from inhaled anesthetics has been a
concern for nearly 40 years, begin-
ning with the recognition of renal
toxicity associated with methoxyflu-
rane (Penthrane [Abbott], which was
withdrawn from the market in
2000).°"%2 This effect was thought to
be dose related and caused by inor-
ganic fluoride formed secondary to
metabolism of the agent.>*! Using
methoxyflurane as a model, a plasma
concentration of inorganic fluoride
of >50 umol/L was thought to result
in nephrotoxicity after administra-
tion of any inhaled anesthetic.>** The
production of inorganic fluoride
with desflurane, enflurane, halo-
thane, and isoflurane is limited, and
these agents are unlikely to cause sig-
nificant nephrotoxicity in patients
with normal renal function.”® How-
ever, although plasma concentra-
tions of inorganic fluoride have been
reported to exceed 50 umol/L after
prolonged administration of sevoflu-

Table 2.
Physicochemical Properties of Inhaled Anesthetic Gases' 48
Year Blood:Gas Extent of Metabolism Presumed
Agent Introduced Halogen MAC (%)? Partition Coefficient after Uptake (%) Metabolism
Diethyl ether® 1844 NA NA NA NA NA
Nitrous oxide®  Early 19th NA 104 0.47 NA NA
century
Halothane 1956 Fluorine, 0.77 25 25-45 (to Oxidative metabolism
chlorine, trifluoroacetate)
bromine
Enflurane 1972 Fluorine, 1.68 1.8 2-5 CYP isoenzymes
chlorine (including CYP 2E1)
Isoflurane 1981 Fluorine, 1.15 14 0.2 (to trifluoroacetate) CYP isoenzymes
chlorine (including CYP 2E1)
Desflurane 1992 Fluorine 6.0 0.42 0.02 (to trifluoroacetate ~ CYP isoenzymes
and inorganic
fluoride)
Sevoflurane 1995 Fluorine 2.05 0.69 0.02 (to trifluoroacetate ~ CYP isoenzymes

and inorganic
fluoride)

AMAC = minimum alveolar concentration, NA = not available, CYP = cytochrome P-450.

PIncluded for comparison.
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Table 3.
Labeled Indications for Inhaled Anesthetics® "’
Agent Indication
Desflurane Induction and maintenance of general anesthesia in adult patients
for inpatient and outpatient surgery
Enflurane Induction and maintenance of general anesthesia
Halothane Induction and maintenance of general anesthesia
Isoflurane Induction and maintenance of general anesthesia

Sevoflurane

Induction and maintenance of general anesthesia in adult and

pediatric patients for inpatient and outpatient surgery

rane, reports of renal dysfunction af-
ter sevoflurane administration in pa-
tients are no higher than they are
with other inhaled anesthetic
agents.®>*3* It is now thought that
intrarenal inorganic fluoride, result-
ing from renal defluorination, may
be responsible for the nephrotoxicity
seen with methoxyflurane. Sevoflu-
rane undergoes limited metabolism
within the kidneys.

Compound A (fluoromethyl-2,2-
difluoro-1-[trifluoromethyl] vinyl
ether),” a degradation product of
sevoflurane resulting from the inter-
action between sevoflurane and the
absorbents used to remove carbon
dioxide during administration, has
resulted in mild and reversible renal
impairment in animal studies.*!"*
The amount of compound A pro-
duced and the theoretical risk of
nephrotoxicity may be dose depen-
dent and have a greater potential to
occur when sevoflurane is used for
prolonged periods or at low flow
rates. In clinical trials, administering
sevoflurane at a flow rate of 1 L/min
resulted in the increased production
of compound A as the duration of
anesthesia lengthened.” For this rea-
son, administering sevoflurane for
over 2 MAC hours is not recommend-
ed. To date, there are no reports of
compound A toxicity in humans.

Kharasch et al.*® reported on the
renal effects of low-flow anesthesia
with sevoflurane versus isoflurane in
patients undergoing prolonged sur-
gery. A total of 50 adult patients re-
ceived either sevoflurane or isoflur-
ane, administered at a rate of 0.8-1
L/min, for surgery that was planned

to last eight hours or longer. Renal
function (i.e., serum creatinine, cre-
atinine clearance, urinary protein
and glucose concentrations) was as-
sessed before and after surgery, as
were inspired and expired concentra-
tions of compound A. At 24 and 72
hours after surgery, no significant
difference in markers of renal func-
tion was seen between the two
groups. The mean inspired concen-
tration of compound A was 16 ppm,
with a reported maximum of 25
ppm. Total compound A exposure
was calculated as 165 ppm/hr, with a
maximum reported exposure of 428
ppm/hr. The accepted thresholds for
compound A nephrotoxicity in ani-
mal studies range from 290-340
ppm/hr (in rats) to 800 ppm/hr (in
cynomolgus monkeys).”

Obata et al.’® reported similar
findings from a study comparing
low- and high-flow sevoflurane. A
total of 30 adult patients undergoing
surgery of long duration (=10 hours)
were randomly assigned to receive
sevoflurane at 1 L/min (low flow),
sevoflurane at 6—10 L/min (high
flow), or isoflurane at 1 L/min (low
flow). From preanesthesia to day 5,
no reduction in renal function values
(i.e., serum creatinine, blood urea ni-
trogen, and creatinine clearance) was
seen with low-flow sevoflurane, and
there were no differences in the val-
ues between either low- or high-flow
sevoflurane and isoflurane. All pa-
tients had increases in other markers
of renal function (i.e., urinary excre-
tion of glucose, albumin, protein, and
N-acetyl-beta-p-glucosaminidase) af-
ter anesthesia, with no significant
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difference among the three groups.
In the low-flow sevoflurane group,
the mean compound A exposure was
277 ppm/hr.

Hepatotoxicity. Inhaled anesthet-
ics have been associated with hepato-
toxicity, with the potential for toxicity
related to the degree of metabolism,
as well as the intermediate and end
products of metabolism.? This toxici-
ty is thought to be immune mediat-
ed, manifesting as severe, potentially
fatal hepatitis. Possible factors pre-
disposing patients to hepatitis in-
clude previous exposure, obesity, fe-
male sex, short intervals between
exposures, a history of postoperative
jaundice or pyrexia, and a genetic
predisposition to hepatitis. Since
halothane is metabolized to the
greatest degree, it has a higher rate of
hepatotoxicity than other agents,
with 1 case in 35,000 patients ex-
posed, compared with 1 in 800,000
for enflurane, <1 in 1,000,000 for
isoflurane, and <1 in 10,000,000 for
desflurane.>?

Although sevoflurane is metabo-
lized to a greater extent than iso-
flurane or desflurane, it is thought to
have a lower potential for hepatotox-
icity. Unlike other anesthetic gases,
sevoflurane does not have a reactive
metabolite in its metabolic pathway,
thus reducing the risk of hepatotox-
icity.? Halothane is also associated
with a non-immune-mediated in-
crease in liver enzymes. This effect is
more common than the immune-
mediated increase (one case in three
patients exposed), is usually subclini-
cal, and may occur without previous
exposure to the anesthetic.?

Cardiovascular effects. Mean ar-
terial pressure, cardiac output, and
systemic vascular resistance are gen-
erally reduced or unaffected by in-
haled anesthetics.? Heart rate is also
reduced or unchanged with hal-
othane and sevoflurane. Desflurane,
like isoflurane, has been reported to
cause transient increases in heart
rate.” Enflurane may also result in in-
creases in heart rate.? Cardiac ar-



Inhaled anesthetic

FORMULARY REVIEW

abod 1xau uo panujuod

"UlW G| 3B UD3s sem spuabe € 3y buowe dUIBYIP

ON *(G0°0 > d) ulw G 1e sueIN}YSaP YUM J9119q Ajjuediubis

SEM (S4BD 1O SI9MOJ4 € pPUE ‘YMiq JO diep ‘Dweu

91e1s 01 ANjIqe) buluonouny sAIUbO) "dueIN|joS| pue

dueln|JoAss Yyum uey (Ajaandadsal ‘|o°0 > d pue 00 > d)

uo11egNIXd J9}Je UIW G| PUE G 1B SURIN|JSSP YUM JSLO0YS

SeM (S2102S 9324p|Y UO paseq) awil A19A03Y *(1000°0

> d !A]9A1Dadsal ‘Ui Z'91 'SA 0’81 "SA 6°8) UOIIBgNIXd pue

(100070 > d ‘AjpA13d3dsal ‘Ulw €41 *SA L€ "SA Z'/) Buluado

943 01 awi1} JO SISeq Sy} UO SURINJJOSI JO DUBIN|JOASS URY]
S9WI} 9DUIBISWD JSHOYS UM PAIRIDOSSE Sem duein|ysag

‘wool
K19n0231 Y1 wouy b1eydsip 01 swi ul sdnolb usasmiaq
U93S SeM 2URIRYIP ON "dueln}jos! ueyl sawiy aduabiaws
191J0YS Ul pa1|nsal SURIN|JOASS ‘e1ep pajood Jo siseq syl uQ
(L0°0=d Ul 6L "SA €91) dURINYSIP YIM UBY)
SURINJOASS YUM JS1[JeS Pa.1ind20 3b1eydsiq ‘painsesw
juiod awi Aue 1e uaas sem duUedIUBIS [ed1IsIeIS
OU INQ ‘SURINJJOASS YUM JIDMO]| OS|e 3IDM (S3|geLien
€ || J0J) S2I0DS YA "UOIIRgNIXD JE UlW OF 1e Ajuo
ua3s sem acuedyIubIs Ing ‘A1sAoda1 Buunp swuiod swi e
1€ SURIN|JOAIS YIIM JayBiy 219m $31025 1SS “(Buiyjjem pue
‘buipuels ‘paq ul bumis ‘uoeusLIo ‘Ssuodsal pueWIWOD
‘Bujuado a4s 01 swily Ag painsesw) eISaYISaue WOy
95US643WS 01 SWIN Ul USSS I9M SIDURISHIP JuRdIUbIS ON
"abieydsip |enioe Jo
,SSOUIPRAI SWIOY,, 01 SOWI] Ul US3S SEM 3DUSI3HIP ON *(S0'0
> d) ;591025 913.pP|Y J9MO| PUR UOI1LIUSLIO PUB ‘UoIIegNIXd
|eaydeuy ‘buiusyeme o1 sawil Ja1oys Auediiubls yium
po1e120SSE 9J9M dURIN|JSIP PUE BURIN|JOASS Ylog "sdnoib
Buowe Jejiwis sem A196ans pue eisayissue Jo uoneing
"aueinjjosi
pUE SURIN[JOASS 10} Je[IWIS 3IaM 2b1eydsip pue eisableue
9A11e19d0150d 1511} 01 SOWI| *SSBUIZZIP 10 BISNEBU INOYUM
dn 115 01 A11j1qe pue ‘uoieIUSLIO ‘Dsuodsal pueWIWOD
‘9duUabIaWd 01 SaWI JAUOYS AjpuedIubIS yum paleidosse
SeM BURINJJOASS *(S0°0 > d ‘UlW O "SA 09) dUBIN|JOASS
Y1IM Uy} SURINOSI YUM JaBUO| Sem eISayisaue Jo uolieing
‘(SueIN|YSIP 10 9H8E PUE SURIN|JOASS
104 95€€) Je|IWis 219Mm BuIWOA Jo easneu aanesadolsod
JO S91BY "JR[IWIS OS[E 9J9M $310S ]SS PuUe SYA 9bieydsip
1o ‘Bupjjem ‘bumis ‘spuewiwod |eqaA 03} asuodsal
01 3WI] Ul U335 SeM 35USIIP ON *(S0°0 > d) SuURIN|JOASS
Y1IM UBL] JS1IOYS SBM DUBINSIP YIIM (UO1IegNIXD
pue bujuado aks uo paseq) awi aduabiawg ‘sdnolb
U29M13q Ja)Ip 10u pIp A196.ns Jo eIsayisaue Jo uolieing

(Bbunsel uonouny aAIHUBOD
/1ojowoydAsd pue sa10ds
9124p|y buisn) swn A1ono0dal pue
(buizeanbs puey pue bujuado
93 J1oj spuewWOd [eI0

03 asuodsai buisn) sduabiawy
wool
AK13n0331 33 wouy abieydsip
J1sabjeue 15114 ‘uoRIUSLIO
‘uollegnixa ‘spuewwod

01 asuodsal ‘aduabiaw]

(s2100S SYA pue 155 Buisn)
sawi) A1I9A031 pue (SPUBWIWOD

|eJo 03 asuodsai) aouabiaw]

,Ssauipeal swoy, 03 dwl} pue
‘uol1eIUsLIO ‘(pURWWOD [el0
uo 33 bujuado) awi A19A003Y

uol1eIU3LIo pue ‘@suodsal
puewwod ‘bujuado 94
‘9ousbliawa ‘uollegnixa o)} swl|

Clrem

pue IS 01 W} pue ‘SpUBWWOD

|eg4aA 01 dsuodsal ‘sa100s

[uted pue ‘uoljeuIPIOOD ‘edsneu

‘uoisnjuod ‘AB1aua ‘uonepss)

SVA pue 155@ buisn) abieydsip
pue ‘A19A0331 ‘9dusbIawWd 01 dwi|

(3pIX0 SNoJIIU YlIM [|e) Buein|jos!
1O ‘auelin|jsap ‘auein|jonss

(14 DY £'Z-8'0) Sueinjyos!
10 (14 DY §°'7-9°0) SUBIN|JOASS

(usbAxo ul

999 SPIXO SNOJYU YHM Y100 %9
—¢ auelin|jsap 10 9%—| sueIN|JOASS

(909 3PIXO SNOLIU YUM [[e)
B5/6M 051-05 |ojodoad 10 ‘99~
aueinjjssp \o\omm. L—9'0 sueIn|JOAaS

(%09 3PIXO SNOIHU Yim
410q) SURIN|JOS] 1O BURIN|JOASS

(usbAxo ul

909 SPIXO SNOJYIU YUM Y100) %9
—€ SURINSIP 10 %Z—| dURIN|JOASS

(Awoldauownaud
10 Awo3daqo)) A1abins
Kreuow|nd/synpe 0oL gl

(sjeun

paziwopuel ¢) synpe 951 apll

(A19bans juanedino)
uonebi| jeqni didodsosede|
/s9ewsjnpe 09 oL

uonebi| jeqny didodsosede|
/s9ewsjnpe o¢lL Sl

£196ins
2Jed A10le|Nquie/synpe 947 Il

uonebi| jeqni didodsolede)
/sdewdnpe zi €l
SIUaIIDd INpY—AI2A023Y pup 2duUabidwg

sjjnsay

S9JNsea|p\ 2Wo0d1N0

quawibay eisayisauy

2inpadoid *Joy
/uone|ndod juaied

£S2113Yisauy pajeyuj jo suostiedwo) [esiuld

‘v ol19el

627

Am J Health-Syst Pharm—Vol 63 Apr 1, 2006



Inhaled anesthetic

FORMULARY REVIEW

abbd 3xau uo panuiuod

“Jejiwis a1am (wsedsobuhie)
pue ‘buipjoy yiealiq ‘buiybnod) sasuodsas Aemiie
104 31026 "96.1eyDSIp 01 W] Ul UIIS SBM SDUIDYIP
ON “(A]oA1399dsa1 ‘50°0 pue ‘S0"0 L0°0 = d) 2102S
9134p|Yy 196.4e] pUe ‘UuoI1PIUSLIO ‘PUBWILOD 0} dsuodsal
0] S9WI} JOJ UDSS SEM SURIN|JSIP JO JOAR) Ul DdURdIUBIS
‘AjoA11D3dsal ‘Ul 96 PUB ‘67 ‘H'6 ‘£°9 919M SURINJOAIS
10} sowiy buipuodsalio) “suein|ysap 104 ‘AjpAnndadsal
‘UIW 6 PUB ‘4T 9’/ ‘6’ 919m abi1eydsip pue ‘210
9124p|V 1964e] ‘U0I1LIUSIIO ‘PURWIWIOD 0] dSUOdSaI 0 SdWI|
awi} Aue 1e $3103S | 55 40 SYA Ul Uaas
SEM 9DUIDYIP ON *(S0°0 > d) UOIIRIUSLIO pUR ‘UOII_GNIXD
‘s19buly 9zaanbs 01 Ajige ‘buiuado ks 03 dwin
ueIpPaW JO SIS dY1 UO SURINJOAIS YUM UBY] dURIN|SIP
UM J21I0YS Sem AISA0D3J 01 Swil| *(Pa1e1S 10U dNjeA
d‘ulw 9G "SA | /) SUBIN|JSIP PUR SURINJOAIS 10} Je|IWIS
0s|e sem NDYd aY1 wouy abieydsip o1 swij ‘sdnoib
U23aM19q JayIp 10U pIp A1961Ns 1o eIsaylsaue Jo uoneing
(61°0 =d ‘'UlW Q€ "SA G7) Je[IWIS SI9M SIOW IO €| JO
91025 B 01 SaWI] “(0°0 = d ‘UIW G *SA 07) duURIN|JOS! UeY)
0l JO 21025 §HD B Ydeas 0] SWI} J91Se) B YUM PI1RIDOSSe
SeM dURINJOASS *(08°0 = d ‘A|9A11dadsal ‘aueinjjos] pue
SURIN[JOASS 10} UIW /G| "SA 99 ) JD41p 10U pIp abieydsip
03} dwWli] (0Z'0 =d‘UlW L€ "SA O€) UOIIRIO| pue diep
yuIq 0} UOI1LeIUSLIO pUe ‘(0L°0 = d ‘UlW QE "SA 97) dweu
0} UOI3RIUMO ‘(L 0'0 = d “UIW G'GZ "SA G'/ |) pUBWIWIOD UO
JUSWISAOW 1004 “(£0°0 = d “UIW GZ "SA '/ |) PUBWIWOD UO
Buizasnbs puey (800 = d ‘UlW G0 'SA §'91) UOIEGNIXD
papn|oul SUBIN|JOSI PUEB SURIN|JOASS 10} SS|CeLIeA
KI9A0231 J19YIO *(20°0 = d ‘Ulw 8| "SA 1) dURIN|JOSI YUM
UBeU] SURIN|JOASS YLIM JS1IOYS SeM SWI] 9OUsDISWS uelpaly

'aueInjjosi ueyl (LoO'0 > d) A1aA0da1 pue (1000
> d) 9duabiawa ‘(500 > d) uonegnixa 03 saw} J910Ys
Ajpuediyiubis yum pajeldosse sem aueinjjoaas ‘sdnoib

Z 9Y3 10y sejiwiis sem A126.ns pue eisayisaue Jo uoneing
“(L0°0 > d) (%9€) dUeINJOASS pue (%TT)
aueIN|os! Yim pasedwod ‘(%,9) NDVd dY3 ul Buniwoa
pue easneu jo a1el 1s3YBIY Y1 YUM pa1eidosse sem
auein|ysad "NDVd dY3 Ul s2403s ujed uj uaas sem syuabe ¢
9Y1 buowe aduasayip edubIs oN (SN = d ‘Aj9Andadsal
‘9URIN[JOASS PUE ‘DURIN[JOSI ‘DURIN|JSIP JO) UIW €'/

'SA £°6 "SA €°7) Jejiwis sem (uado saka) aduabiaws 03 dwi]

sasuodsal

Kemuie pue (g | = 2102s 912Ip|yY

pauipow 03 saInuiw ‘abieydsip

01 SWI} ‘UOI1RIUSLIO ‘PUBULIOD
0} 9suodsal) aduabiaws 03 dwi|

(swn
pue ade|d 03 uoleIUSLIO pUR
‘SpueWIWOD |10 01 dsuodsal

's9102s [easneu pue ujed] SYA
pue 155Q bBuisn) A19A0d31 pue
‘dusbisws ‘a9bseydsip 01 swi]

(21025 5O 3y buisn

Buruonpuny o16ojoINdU diseq pue

‘9oe|d pue swi} 01 uol1eIuSLIo

‘UoI1ECNIXD ‘SPURIWIOD [BIO

03 asuodsai buisn) abieydsip
pue ‘A19A0531 ‘9duabiaws 03 dwil |

([A19n0231 10}

buizeanbs puey pue adusbiawa

10} Buluado a43] spuewiwiod

|eJo 03 dsuodsai) A19A0d21 pue
‘uoneqnIxe ‘adusbiaws 01 swl|

(Aouanbauy

Buiyleaiq pue ‘buiwoA

10 e3sneu ‘sa10ds uonepas

‘[ured] YAN 40 SYA Buisn)
K13n0291 pue 5uabIaWI 03 dWi]

(%05 dpIx0
SNOIU YUM U30Q) %9
sueIn|Jsap 10 968’ | aueiN|JOASS

(uabAxo Ul 9509 apIXO snoJju
UHM 4300) 99~ duein|jsap
10 094G/ —9°0 DUBRIN|JOASS

JDVINO'L-S0
e U3AIB SURINOS| 4O BURIN[JOASS

aueIn|josl 10 sueIn|JoAaS

(4!

uabAX0o Ul BPIXO SNOJIU YHM

11B) DYIN €L 18 UaAIb sueinjjos!
JO ‘Buelin|jsap ‘auein|jonss

K136ins |esouab
10 “2160]04n “21padoyuio
J160]033uAb/synpe /z1L

1y z 2 bunse|
A1961ns Aousbiswauou
/UK G9<) synpe 0§

£K13bans |ejueideiul/syNpe 09

Buipueq
duseb oidodsodede/(,w
/B € < INg) SHNpe 95970 0

K1abans
15e31q/S9|_WS4 }Npe 7/

J€T

[44

4

0¢

Ss)jjnsay

S9JNsSea|p\ 2Wo0d1N0

quawibay eisayisauy

2inpadoid
/uone|ndod juaned

Jod

(panunuod)  a|qel

Am J Health-Syst Pharm—Vol 63 Apr 1, 2006

628



Inhaled anesthetic

FORMULARY REVIEW

abod jxau uo panunuo)

‘wsedsobukie| pue

‘Buip|oy yieaiq ‘buiybnod se yons ‘syusns Aemiie uj uaas
SeM 22URIYIP ON *(Z£00°0 = d 295 #°€6 'SA 08) Ysewadey
ay) buness|ol 01 pue (8z0°0 = d 295 Z'08 "SA 1'0Z) X3|424
yse|o£a Jo sso| 0} SaWI} J3ISeY JO SISeq Y1 UO sueyiojey

YHM UBY} SURIN|JOS] UM ID]SBJ SEM UO[IdNPU] 03 Wl |

‘uonelibe aanesadoysod

SS9 INQ sawl3 A19A0D31 19BUO| SARY 01 PIPUS] Wejozeplw
yum paiedipawaid syusned (9400 =d ‘uiw |'LS

'SA G°0G) dwoy abieydsip 01 swill J91I0YS e pue (paiels
10U dN[eA d ‘UIW G'GE "SA | 'L Z) WOO4 AISA0I31 3y Ul

W1} JOHOYS B Y1IM PI1RIDOSSE SBM dURINJOAIS *(LO0'0 >
d‘uiw 8'0€ 'SA 6'S L) dURYIO|eY UM UBY) SURINJOAIS YIIM

1910ys Apuediiubls sem 9 JO 2102s PIEMd]S e Udeal 03 dwl|

*BUIHWOA JO JUBWSIIXD

eI1Say1sauelsod JO 9oUIPIdUl BY) Ul UDDS SBM 9DUIIYIP
ON ‘(SN = d) A]aA130adsal ‘aueyiojey pue aUeIN[JOAIS 10}
BIS9YISIUE JO UOIILSSID JS)Je UIW | Z puUe /| 1e paiinddo
Spuewwo) |elo 0} dsuodsay *(SN = d) A|oA1dadsau
‘Sueylo|ey pue sURINJOASS J0J UIW 9| pue €| 31am
9ouabIswd 01 sawl] (900 = d) dueylo|ey Joj Ulw |'€ pue

SUEIN|JOASS 10} UIW €7 DI9M X3|J91 YSe|IAD JO SSO| 03 Sawll]|

'sdnoJb [|e buowe sa3el Jejiwis Je Pa1INdd0

easneu pue ujed aA1lRISd0ISO( "UOIIL1IDXS dANesadolsod
40 9184 J3ybIy e yum pajeidosse sem auen|ysad (L0000
> d) SURINJOASS JO dURYIO|eY YLM SDUBUSIUIRW SNSIDA
£K19A0D31 pue 35UabHIBWI 03 SBWIY JSUOYS Ul P NS
SURIN[JSIP YIUM DURUIIUIRI "UDDS S9OUI3IP uediubls

ou yum ‘sdnoib ||e 1oy Jejiwis sem ab1eydsip 01 swi|

*ab.1eyds|p 104 A)|IgeINS 01 DWI] Ul USSS SEM 9DUIIYIP
ON "JuaJIayIp Apuediiubis Jou sem disabjeue |edibinsisod
15413 03 dWI] *(LOO'0 > d ‘Ulw Q€ 'SA 77) 1915e) de|d

pue SWeu 03 PIUSLIO dIIM pue (100°0 > d ‘UIW §Z SA

61) dueyiojey UaAIb 950Y3 UeY) J91Se) 82 JO SI0DS 913IP|Y
P3aIPOW B PIASIYDE SURINJOAIS UIAID siualled “(L00°0

> d ‘aueylo|ey Joj Ulw Qg 'SA €71 :2duabiaws | 000 >

d ‘auey3ojey J0j UIW 9| "SA €| :UOIdNPUI) dueyioley Yum
UBY) SURINJOAIS YUM J910YS AJuediiubis 91am sawiy
9OuabIaWD pue uodNpUl Ylog “(€10°0 > d) dueINJOAS
YUM J210Ys sem ainsodxa Jy-Jy |e10] ‘sdnoib

=

Y109 Joy Jejiwis sem A1a6ins pue eisayisaue Jo uoneing

SjuaAd Aemiie pue ‘(3jsew
Kemuie Jo 95URID|0] ‘X3J34

yse[a£a 40 sso|) uondNpuUl 03 dWi|

(woou
KI3A0D31 Y3 Ul W} pue $2103S
plemals uo paseq) abieydsip

pue ‘A19A0331 ‘25uabIaWa 03 W]

(Spuewwiod |eJo 01

asuodsal pue [|nwins [njueduou
0} bujuado a43) adusbisws 01
awi} pue (x3]J24 Yse|a4a Jo sso)

eisayisaue JO uoldnpul 0} swl|

(uup

031 Wi} pue “jjem o1 Ajiqe
‘edsneu ‘uolieyibe ‘uted 4's9100s
piemais uo paseq) sbieydsip

pue ‘A19A0331 ‘9dusbIaws 01 dwil|

eisabjeue |ed1bins
-1s0d pue aduabisaws 03 swn
pue ‘A19bins pue eisayisaue

JO uonRINP ‘UOIIDNPUL 0} dWI]

(%001 uabAxo ur y10q)

95G dURIN|JOS] IO %€ dURYIO[eH

(uonesipawsaud

wiejozepiw INOYUM

pue yum ‘9%0/-05 apIxo
SNOJUU YUM Y30Q) %S +-50

auey1o[eY 10 9/—| dURIN|JOASS

(UaBAX0 Ul IPIXO SNOJHU YIM
Ie) (%S 1'L—-8'0) ueusiuiew
pue uoldNpuUl Sueylojey

10 (90°€-5'7) @duURUIUIRW

pue uoIdNPUI BURIN|JOASS

(USBAXO Ul 9509 SPIXO SNOJHU
Y3IM ||B) SDUBUIIUIRW SURINYSIP
pue uondNpul sueyloley

10 ‘9dUeURjUIRW pUE UONHINPU]
aueyjojey ‘adueualulew
SUeIN|JOAIS puUE UolIdNpPUI
aueyjojey ‘adueudluiew

pue uolldnpul sauein|joAsS

(9601 UabAxo
pue 9509 3PIXO SNOJHU YUM
4104q) %€ ¥ Wnwixew aueylojey

10 95/ WNWiXew auein|jonss

K1abins
DA BUNNOI/(IA | —YM
1 abe) syusned ouyeipad 9 48¢

Awoyobuukw /(IA 9-ow
9 abe) syusned dueipad 001 LT

1y < bunse| A19buns
|e1dejo|jiIxew 4o dnseld
|esauab aAnd3R/(A 91

-z 9be) syuaned ouyeipad gy 9

(A196ans usnedino)

AwolobuuAw |eiae)iq

yum Awordaplouspe/(IA
/—| 9b6e) syuanied oureipad 08 [ord

(K19Bans
s1padoyuo |epiadns o
1ise|d Jo ‘jeuiwiopge Jamoj
|eradns ‘Aleulinoiuab)
AK136ans yuanedino
/siusned dueipad g/€ %44
SIUIID JLIDIPad—AIaA033Y pup duabiawy

sy)nsay

SaiINsea|p\ 2Wod1N0

quawiBay eisayisauy

ainpado.d gEN
Juonejndod juaned

(panunuod) ¢ a|qe]

629

Am J Health-Syst Pharm—Vol 63 Apr 1, 2006



FORMULARY REVIEW Inhaled anesthetic

rhythmias may occur with inhaled

(2]
. [ c
a S = . .
B & Z - b= '_i anesthetics, most likely because of
29 $ £24 |32 sensitization of the myocardium to
S vo gEo|?
ESSS 259833 catecholamines. This effect appears
[v] ES = .
= B E go2|g to be most pronounced with ha-
S235 8855552 hane, foll fl
sE25 9255932 lothane, followed by enflurane.
=X —_ ] .
23 % * £3¢ § o g|s Sevoflurane, isoflurane, and desflu-
© m 2 © = . .
oazy ogfgEs =2 rane have less potential for causing
I 8 b g c <o &= 30:" ~0O | o . . .
S| 5858 £585¢8<|% cardiac arrhythmias than do either
S5 5< | &
é EZCE ga 22888 halothane or enflurane.?
v o 2| @ . .
£EZT 523RTY|S Neurotoxicity. Cerebral vasodila-
c > c2c=35% |2 . .
gsSE £38g902 |5 tion, increased cerebral blood flow,
k= [ee 3= = . . .
SRE- Z2oucg|s and increased intracranial pressure
o Q Yol |© . . .
>5<% s STET|E (from impaired autoregulation) can
() ~ ()] .
eT S ¢ g 5G5S E|E result with halothane and, to a lesser
oo >32¢SXRw|E _
gzge SEsgeg|; . degree, epﬂurane. The effects of des
S92 23%880|¥ g flurane, isoflurane, and sevoflurane
— fes - e .
2 z = g on cerebral blood flow and intracra-
[ O .
5 g nial pressure appear to be compara-
= 2 = ;
5 -2u ° g 3 ble to and less than those of either
z O o [ 1] .
" % S< 5 8o 2 2 © halothane or enflurane, respectively.?
o © = ° 9 . .
5|££3%2 3086 = 5 Postoperative nausea and vomit-
§ 2323 3 § g s 2 k ing. Postoperative nausea and vomit-
VrSxX C < c kol . . .
2 EX58_38E9 g £ ing (PONV) is a common complica-
Q| >53cTREDD o Z
Elge 58558 g% 2 < tion of surgery. Patient factors, as
£ S g E2250a50 = =) well as the type of surgery, can influ-
LEFIEZLET = =
o s g 23 EE-J oyt g n ence the occurrence of PONV; how-
+ = o [ ) . . o .
© © = .
@SEEES Egf 2q ever, 'general 1phalat10n anesthesia is
= < s 3 a major contributor.” PONV result-
wn © . . . .
ot ing from inhaled anesthesia is usually
g g limited to the first two hours after
ER surgery.*
28

Sneyd et al.** conducted a meta-
analysis of 96 clinical trials compar-
ing propofol, an intravenous agent

Anesthesia Regimen®
Sevoflurane 1-8% or halothane
0.5-5% (both with nitrous oxide
with nitrous oxide in oxygen)

Sevoflurane or desflurane (both
CAldrete scoring system assesses consciousness, activity on command, respiration, circulation, and oxygen saturation. A score of 9 or more is needed to transfer a patient to an area with less intense care.

o
G
g
g
©
E
=%
C @©
g8
wv 2 =
<V o ©
>0 c 2
~ 5 L <
Sig E®
STy o= . . A
B <3 8 g used for the induction and mainte-
_ Q< . . .
S “g g3 T g nance of anesthesia, with inhaled an-
o S o .
> g§§ 25 esthetics to evaluate the rate of
o < S > .
c 2375 8 PONV. The median frequency of
= = © < . . .
258 L85 PONYV with inhaled anesthetics was
5 = 5 2 :
=5 § s £3 : 25%, compared with 13% for propo-
-~ | o ELERE §§§ fol. Vomiting alone was reported in
c a v s . . .
s |8 Sv,a 50248 £§65 14% of patients given inhaled anes-
=] nw g = s ®m 0 . .
Selg 2858 °PSEEE 88T thetics; nausea occurred in 24%.
33| 8¢ §o33 8ge3: 288
— [} 4 2 _ . .
§§ 2 % E =] g g v 5 E % E SE Alarge, two-year, prospective trial
o3 oy 9 c8<8¢g = 1 1
T9|2egs 958 s85°% 55% assessing the potential for PONV
[<¥- = Yoo = m = Cc F=1 2 < =274 . . . .
(] EXE o S-m*¥ Sl oxs o327T with various inhaled anesthetics was
=] SE5se mLYz2 £3s3¢ £3¢%
S |82E5 BE o2 E2g8s ges2 conducted by Apfel et al.*® A total of
o o ] ] = 0w .
s SMmOE Soan 2235 ,88% 1180 children and adults who under-
O < 00w 2 o9 L . . .
§ EcTogsge went elective surgery (diagnostic
i © £ 85 © .
= é T2E 5 § sgs procedures, adenotomy or tonsillec-
S 252302833 .
S Teg 5 Espl tomy, sinus surgery, tympa}noplasty,
3 % | bei5efize or strabismus surgery) received stan-
o] x| =3 PUSFEr=9s dard preoperative medication and
- a

630 Am J Health-Syst Pharm—Vol 63 Apr 1, 2006



intravenous induction of anesthesia
followed by an inhaled anesthetic
(enflurane, isoflurane, or sevoflu-
rane) or propofol for maintenance.
The rate of PONV was the primary
endpoint. The use of inhaled anes-
thetics was associated with an in-
creased risk of PONV within 24
hours after surgery (47.6% with in-
haled gases versus 28.8% with propo-
fol). The odds ratios (ORs) for
PONV for enflurane, isoflurane, and
sevoflurane versus propofol were 3.1,
3.4, and 2.8, respectively (p < 0.001).
During the first two hours after sur-
gery, inhaled anesthetics were the
main risk factor for PONV, with ad-
justed ORs of 19.8 (isoflurane), 16.1
(enflurane), and 14.5 (sevoflurane).
Respiratory effects. Respiratory
depression is seen with all of the in-
haled anesthetics and is dose depen-
dent.? All agents produce an increase
in respiratory rate, a decrease in tidal
volume, and an increase in arterial car-
bon dioxide pressure. The muscle re-
laxant effects of inhaled anesthetics,
resulting in bronchodilation, also con-
tribute to respiratory depression.*
Respiratory irritation is related to
the pungency of the agent; this effect
is especially important during induc-
tion, since a highly pungent agent
will result in coughing, laryn-
gospasm, breath holding, increased
secretion, and oxyhemoglobin desat-
uration, especially in pediatric pa-
tients.> Desflurane is the most pun-
gent agent, with respiratory irritation
seen above 1 MAC, while sevoflurane
and halothane are generally not asso-
ciated with respiratory irritation.
TerRiet et al.*' compared isoflur-
ane, desflurane, and sevoflurane for
pungency in 81 adult patients under-
going general anesthesia for surgical
procedures, with each gas inhaled at
2 MAC for 60 seconds via a laryngeal
airway mask. A total of 20 patients
given desflurane, 11 patients given
isoflurane, and 1 patient given sevo-
flurane objected to inhaling the gas
or coughed (p < 0.05). The number
of patients complaining about burn-

FORMULARY REVIEW

ing, irritation, or discomfort was
greatest in the desflurane group (n =
21), followed by patients receiving
isoflurane (n = 12) and sevoflurane
(n=0) (p <0.05).

Other toxicities. Malignant hy-
perthermia is also seen with all of the
inhaled anesthetics, although hal-
othane may have a greater potential
for this effect.” Postanesthesia agi-
tation, referred to as emergence ag-
itation or emergence delirium, is
characterized by severe restlessness,
combativeness, disorientation, inco-
herence, and unresponsiveness and
has been reported to occur in 12—
30% of children after surgery.*
These emergence behaviors usually
last about 10 minutes, but they can
last up to 45 minutes in some pa-
tients. Rapid emergence from anes-
thesia, as well as the use of inhaled
anesthetics, is among the factors that
can contribute to emergence agita-
tion. Both desflurane and sevoflu-
rane have been associated with a
higher rate of emergence agitation
than halothane.* Welborn et al.” re-
ported a 55% rate of emergence agi-
tation with desflurane, whereas Aono
et al.* reported a rate of 40% among
preschool boys given sevoflurane.

Drug interactions

All of the inhaled anesthetics have
the potential to interact with neuro-
muscular blocking agents (e.g., atra-
curium, mivarcurium, vecuronium,
cisatracurium, pancuronium), thus
increasing the neuromuscular block-
ing agents’ intensity and duration of
action.>'* In addition, benzodiaz-
epines and opioids may decrease the
MAC of inhaled anesthetics. The
dose of an inhaled anesthetic gas is
typically adjusted and reduced when
it is used in combination with ni-
trous oxide. In practice, these inter-
actions become part of a “balanced
anesthesia” approach, allowing for a
reduced dose of some agents, such as
the neuromuscular blockers, and a
reduction in the MAC of the inhaled
anesthetic.

Inhaled anesthetic

Dosage and administration

Delivery systems and flow rates.
Anesthetic gases are usually adminis-
tered using a delivery system that
mixes the anesthetic gas with carrier
gases (i.e., oxygen and nitrous oxide)
in varying concentrations."*® The gas
mixture is then fed into a rebreathing
circuit that consists of an inspiratory
and expiratory limb. Movement of
the gas mixture within the rebreath-
ing circuit is circular, from the in-
spiratory limb to the patient (inhaled
gas), then from the patient to the ex-
piratory limb (exhaled gas). Exhaled
gas passes through a carbon dioxide
absorber within the circuit, is re-
mixed with fresh gas mixture, and is
rebreathed by the patient. Divalent
and monovalent bases (e.g., calcium,
barium, sodium, and potassium hy-
droxides) are used as absorbents to
remove carbon dioxide from the ex-
haled gas.> Some exhaled gas may be
removed via an overflow valve; a res-
ervoir bag is also attached to allow
for greater variation in ventilatory
flow rates.

Under certain conditions, the ab-
sorbents used to remove carbon di-
oxide from the gas mixture may
cause the anesthetic gas to degrade
into potentially nephrotoxic com-
pounds.>'**** Degradation may be
influenced by the type of absorbent
used, high temperature from both
the carbon dioxide absorbent and the
patient’s body, and flow rate. In ani-
mal studies, absorbents such as soda
lime or barium hydroxide lime,
which contain sodium and potassi-
um hydroxides (both strong bases),
have been shown to result in higher
concentrations of carbon monoxide
and compound A than calcium hy-
droxide lime, potentially resulting in
a greater risk of toxicity.*

Higher temperatures have been
shown to increase the degradation of
anesthetic gases; temperatures within
the anesthetic delivery system are
high due to the exothermic nature of
the reaction between the gas and the
absorbent.>'® The magnitude of the
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temperature increase is influenced by
the amount of carbon dioxide ab-
sorbed, flow rate of the gas, patient’s
metabolic status, and ventilation.!®
Finally, high flow rates may result in
desiccation of the absorbents, thus
increasing the production of degra-
dation products of some gases.**

The flow rate may also affect the
amount of anesthetic gas that escapes
from the delivery system, requiring
an increase in the amount of gas used
and thereby raising the cost.*® Flow
rates for anesthetic delivery systems
have been classified as minimal (0.25—
0.5 L/min), low (0.5-1.0 L/min), me-
dium (1.0-2.0 L/min), high (2.0-4.0
L/min), and very high (>4.0 L/min).
These represent the rates at which
fresh gas flows into the rebreathing
delivery system. High flow rates are
traditionally used, most likely to pre-
vent accidental hypoxia and better
control the depth of anesthesia. The
use of low flow rates has several ad-
vantages, including a reduction in
the use of the anesthetic gas and re-
duced release of anesthetic gas into
the environment. This may be espe-
cially true for gases with low solubili-
ty, such as desflurane.*®

Administration. The clinical ef-
fects of inhaled gases are dose depen-
dent and result when the partial pres-
sure of the agent in the blood reaches
equilibrium with the inspired alveolar
partial pressure.® The rate at which this
equilibrium is reached is determined
by the inspired concentration of the
agent, ventilation, solubility of the
agent in blood and tissue, cardiac
output, and tissue perfusion. During
surgical procedures, the dose can be
controlled by observing the patient
for depth of anesthesia, as well as ob-
serving the end-tidal concentrations
of the agent.

Other more reliable techniques
are used to determine the level of an-
esthesia produced with the inhaled
anesthetics. One is the bispectral in-
dex monitor, which is based on a
bispectral analysis of electroencepha-
lographic signals. It incorporates

Inhaled anesthetic

electroencephalographic informa-
tion on power and frequency with
phase-coupling information as an in-
dication of the depth of anesthesia.*’
The bispectral index monitor dis-
plays a number between 0 and 100,
representing the depth of anesthesia.
The higher the number, the lower the
anesthetic level. The use of bispectral
index monitoring with inhaled agents
has been shown to reduce the amount
of anesthetic needed, recovery and
emergence times, and the rate of
PONV with inhaled anesthetics.>**!

Inhaled gases can be used for both
the induction and maintenance of
anesthesia. The amount of anesthesia
needed differs for each patient and
depends, in part, on the presence or
absence of preanesthetic medica-
tions (opioids or benzodiazepines)
(Table 5).

Safety issues

One potential safety issue associ-
ated with the use of inhaled anes-
thetic gases is the effect of the oc-
cupational exposure of health care
personnel to trace amounts of the
gases.”” Studies conducted in the 1970s
concluded that female personnel ex-
posed to trace amounts of anesthetic
gases (primarily nitrous oxide) had a
greater risk of spontaneous abortion,
infertility, and congenital abnormali-
ties in their children. However, sub-
sequent review of the data revealed a
lack of quality in the study design,
with no quantification of exposure,
lack of confirmation of the adverse
outcomes reported, and no controls
for confounding factors or bias. In
addition, animal studies have failed
to find mutagenicity, carcinogenici-
ty, or organ toxicity with exposure to
inhaled anesthetics. Teratogenicity
has been demonstrated in animals af-
ter prolonged exposure during preg-
nancy; however, it is not clear whether
this results from the agent itself or
from the physiological effects that
occur during anesthesia.

McGregor™ reviewed available ep-
idemiologic data on the safety of oc-
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cupational exposure to anesthetic
gases and concluded that trace
amounts are not associated with ad-
verse effects when appropriate venti-
lation is used and when waste gases
are removed. The Occupational Safe-
ty and Health Administration has set
standards for occupational exposure
to inhaled anesthetic gases—<25
ppm as an eight-hour time-weighted
average concentration and <2 ppm
not to exceed one hour of exposure
for halogenated inhaled anesthetics.*
In addition, institutions should have
a management program in place that
includes the removal of waste gases,
the monitoring of trace gases, prac-
tices to minimize exposure by health
care personnel, and a mechanism for
reporting adverse effects.*

Although they are rare, intraoper-
ative fires have occurred within the
delivery systems used with anesthetic
gases.'®? The exothermic reaction
between the anesthetic gas and the
carbon dioxide absorbent increases
as the absorbent becomes desiccated,
resulting in excessive heating of the
absorbent, thereby generating heat
and highly flammable byproducts,
such as methanol and formaldehyde.
Higher temperatures may be reached
with sevoflurane than with desflu-
rane, enflurane, or isoflurane, espe-
cially when using carbon dioxide ab-
sorbents containing strong bases.

Economic issues

Drugs used for anesthesia during
surgery can account for 5-13% of a
hospital’s drug budget.®** Although
various intravenous agents can be used
for induction, inhaled anesthetics are
the primary agents used for the main-
tenance of anesthesia. When selecting
the most cost-effective agent, the po-
tency, flow rate, volume of vapor pro-
duced, and amount of anesthetic gas
wasted during surgery need to be con-
sidered in addition to acquisition cost.
The cost per MAC hour—perhaps the
best indication of the true cost of an
inhaled anesthetic—can be estimated
using the following formula®:



Cost ($) per MAC hour = (concentra-
tion X FGF x duration x MW X
cost per mL) + (2412 x D)

where concentration = % of gas de-
livered, FGF = fresh gas flow in liters
per minute, duration = duration of
inhaled anesthesia delivery in min-
utes, MW = molecular weight in
grams, 2412 = factor to account for
the molar volume of gas at 21 °C, and
D = density in grams per milliliter.

Other methods have been used to
calculate the cost of anesthetic gases.
Smith** described a formula that
used time of anesthetic delivery,
fresh gas flow rate, set percentage,
unit price, unit size, and milliliters of
vapor produced per milliliter of lig-
uid to calculate the cost of inhaled
anesthetic per minute. The volume
of vapor produced per milliliter for
each of the anesthetic gases is given
in Table 6, along with the average
wholesale prices for the available sizes.
The true acquisition price will vary
considerably among institutions, since
contract pricing offered by the manu-
facturers of the inhaled anesthetic gas-
es is usually institution specific.

Therapeutic interchange

A true therapeutic interchange is
likely not possible with the inhaled
anesthetics. Golembiewski*” recently
presented a series of case studies
highlighting patient- and product-
specific factors that must be consid-
ered when selecting an anesthetic
agent. Factors that may influence the
efficacy or toxicity of the gas include
the duration of anesthesia, surgical
procedure, patient’s condition (e.g.,
presence of hepatic or renal dysfunc-
tion, cardiac and respiratory status,
weight, and age), and delivery meth-
od (e.g., laryngeal mask airway ver-
sus tracheal intubation).

Recommendations and critical
issues

The inhaled anesthetics have been
shown to be both safe and effective in
inducing and maintaining anesthesia
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Table 5.

Inhaled anesthetic

Administration of Inhaled Anesthetics®2-11

Agent Amount (mL/hr)? Induction (%) Maintenance (%)
Desflurane 9-76 3bc 2.5-85
Enflurane 4-34 2.0-2.5¢ 0.5-3.0
Halothane 2-16 Variable 0.5-1.5
Isoflurane 3-24 1.5-3.0¢ 1.0-2.5
Sevofluraned 15-30 NA® 0.5-3.0

aAs milliliter of liquid with a goal minimum alveolar concentration of 1 and a flow rate of 0.5-4 L/min.

PIncreased by 0.5-1% increments.

“Not recommended for induction because of airway irritation.

dAt a minimum flow rate of 2 L/min.
eNA = not available.

Table 6.
Cost of Inhaled Anesthetics>4°6:2

Volume of Vapor

AWP/ per Milliliter
Agent Manufacturer AWP/Unit Milliliter ~ of Liquid (mL)®
Desflurane Baxter $135.44/240 mL $0.56 209.7
Enflurane Baxter $110.88/250 mL $0.44 198.5
Halothane Hospira $58.92/250 mL $0.24 228.0
Isoflurane Hospira $42.39/100 mL $0.42 195.7
$130.92/250 mL $0.52
Baxter $24.00/100 mL $0.24
$57.60/250 mL $0.23
Sevoflurane Abbott $269.54/250 mL $1.08 182.7

2AWP = average wholesale price. AWP is used for comparison only. The cost of an anesthetic agent is best

determined using the cost per MAC hour.
PAt 20 °Cand 1 atmosphere of pressure.

for surgery and other invasive proce-
dures. These agents do, however, dif-
fer in potency, adverse-effect profile,
and cost. Newer anesthetic gases,
such as sevoflurane and desflurane,
appear to have more favorable physi-
cochemical properties, such as low
solubility (resulting in faster uptake
and elimination) and little to no me-
tabolism. However, selection must
also take into consideration patient
factors, as well as the duration and
type of procedure.

In practice, enflurane is generally
not used in the United States because
of the risk of seizures; the use of hal-
othane is also limited because of its
association with hepatotoxicity. Des-
flurane and sevoflurane are both at-
tractive agents, with a faster onset of
action and a shorter duration than
the other inhaled agents, especially
for ambulatory or minimally inva-
sive surgeries.
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